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the SIN, but the SIN is required for keeping Clp1p out of the nucleolus until
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SIN by antagonizing Cdk activity until cytokinesis is complete and thus
ensuring that cytokinesis is completed prior to the initiation of the next cell 0960-9822/01/$ – see front matter
 2001 Elsevier Science Ltd. All rights reserved.cycle. In addition to its roles in anaphase, Clp1p regulates the G2/M
transition since cells deleted for clp1 enter mitosis precociously and cells
overexpressing Clp1p delay mitotic entry. Unlike Cdc14p, Clp1p appears
to antagonize Cdk activity by preventing dephosphorylation of Cdc2p on
tyrosine.
Conclusions: S. pombe Clp1p affects cell cycle progression in a markedly
different manner than its S. cerevisiae homolog, Cdc14p. This finding
raises the possibility that related phosphatases in animal cells will prove to
have important roles in coordinating the onset of cytokinesis with the
events of mitosis.
Background chromosomes have been segregated. However, this mech-
anism renders cytokinesis sensitive to Cdc2p activity,Initiation of cytokinesis is the final crucial event of the
cell cycle. In fission yeast, the timing of cytokinesis is which begins to rise as the next cell cycle initiates around
the time of septation [5]. If cytokinesis is delayed, theregulated by a signaling pathway termed the septation
initiation network (SIN) [1]. The SIN includes four pro- risingCdc2p activity could inhibit the SIN and cytokinesis
unless the cell has a way to inhibit Cdk activity untiltein kinases (Plo1p, Cdc7p, Sid1p, and Sid2p) and one
small GTPase, Spg1p [1]. SIN mutants continue nuclear cytokinesis is complete. Evidence for a cytokinesis check-
point ensuring that cytokinesis is complete before thedivision cycles without initiating cytokinesis. The SIN is
intimately involved in coordinating cytokinesis with other initiation of the next nuclear division cycle was revealed
through the characterization of the cps1 cytokinesis mu-mitotic events. Inactivation of the fission yeast Cdk,
Cdc2p, in latemitosis is essential for initiation of cytokine- tant [6–8]. The cps1 mutant arrests in cytokinesis with a
stable actomyosin ring and two interphase nuclei. Thesis [2, 3]. This effect appears to be mediated, at least
in part, through the Sid1p kinase, whose localization is block in nuclear division is relieved by the inactivation
of either the Cdk inhibitory kinase Wee1p or the SINinhibited by Cdc2p kinase [4]. Since Cdc2p inactivation
occurs coincidently with chromosome segregation [2], [6–8]. Although these studies suggested that the cytokine-
sis checkpoint in S. pombe requires both the SIN andhaving the initiation of cytokinesis coupled to Cdc2p inac-
tivation ensures that cell division does not initiate before Wee1p, the mechanism of action is unclear.
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In Saccharomyces cerevisiae a pathway analogous to the SIN It is thought that Cdc14p antagonizes Cdk activity by
reversing Cdk-dependent phosphorylation events [12].and termed the mitotic-exit network (MEN) is required
for exit from mitosis [9]. TheMEN functions in anaphase Since Cdk activation is essential for mitotic entry, the
premature mitosis in clp1 mutants supports a role forto promote the release of the Cdc14p phosphatase from
the nucleolus [10, 11]. Cdc14p then dephosphorylates a Clp1p in antagonizing Cdk activity. Interestingly, overex-
pression of clp1 from the inducible nmt1 promoter wasnumber of Cdk substrates, including Cdh1p/Hct1p and
the Cdk inhibitor Sic1p [12]. Dephosphorylation by lethal and caused cells to delay in the G2 phase and
Cdc14p stabilizes Sic1p and also causes the activation become elongated (Figure 2a,b). To examine this pheno-
of Cdh1p/Hct1p, which promotes cyclin B proteolysis. type in more detail, we induced Clp1p expression and
Together, these events result in Cdk inactivation and exit then synchronized the cells by centrifugal elutriation to
from mitosis. Unlike fission yeast and animal cells, which isolate G2 cells. These cells became elongated and de-
divide by medial fission, budding yeast face a unique layed in G2 for approximately 4 hr, a period of time in
challenge in having to orient the mitotic spindle such that which wild-type cells underwent two rounds of division
it can elongate through the narrow bud neck. To deal (Figure 2a–d). During the delay, Cdc2p kinase activity
with this, budding yeast have evolved a mechanism that remained low, similar to cells arrested in G2 as a result
delays exit from mitosis and initiation of cytokinesis until of cdc25 inactivation (Figure 2c). Cdc2p activity gradually
spindle orientation has occurred [13, 14]. Thus, MEN increased (Figure 2c), and the clp1-overexpressing cells
activation and the release of Cdc14p from the nucleolus eventually overcame the G2 block (Figure 2a,b). How-
depend on passage of the spindle through the bud neck. ever, Cdc2p activity never reached levels seen in nda3
Cdc14p-like proteins are conserved from yeast to humans. mutant cells blocked in metaphase (Figure 2c), possibly
However, because of the unusual manner in which bud- due to a loss of synchrony during this prolonged G2 delay.
ding yeast divide, it is unclear whether Cdc14p-related Although these cells do enter mitosis, as judged from
phosphatases function to regulate mitotic exit, as Cdc14p the formation of mitotic spindles, elongated spindles are
does in S. cerevisiae. never observed (Figure 2b; see arrowheads). Perhaps due
to their failure to elongate the spindle, cells were often
observed that had septated without segregating the chro-Here we show that in S. pombe the Cdc14p homolog Clp1p
mosomes to each daughter cell. This situation resultedis not required for mitotic exit. Instead, Clp1p functions
in one binucleate and one anucleate compartment (Figuretogether with Wee1p and the SIN to coordinate the com-
2b, see arrow). Because the inhibitory phosphorylation ofpletion of cytokinesis with the initiation of the next cell
Cdc2p on tyrosine is maintained at interphase levels incycle. In addition, Clp1p plays a key role in regulating the
Clp1p-overproducing cells (Figure 2c), it is possible thattiming of mitosis initiation. Furthermore, unlike Cdc14p,
the G2 delay could be caused by the disruption of aClp1p appears to antagonize Cdk activity by promoting
positive-feedback loop inwhichCdc2p activates its activa-tyrosine phosphorylation of Cdc2p in aWee1p-dependent
tor, Cdc25p, or inhibits its inhibitor, Wee1p. Consistentmanner.
with this, synchronous wild-type and wee1 cells overex-
pressing similar levels of clp1 (Figure 2d,e) exhibited
Results quite different behaviors. The prolonged G2 delay dis-
Clp1p regulates G2/M transition played by wild-type cells was not observed in a wee1
An examination of the Sanger Centre S. pombe genome background (Figure 2d). wee1 cells entered mitosis and
database revealed an apparent homolog of the S. cerevisiae formed spindles soon after isolation (Figure 2f) and arrest
CDC14 gene. We named this homolog clp1 (accession with one or more septa (Figure 2d).
number CAB76271) and found that it rescued growth of
cdc14-3 (Figure 1a–d). Unlike CDC14, clp1 is not essen- Clp1p displays a dynamic cell cycle-regulated
pattern of localizationtial. However, clp1 mutants exhibit a semi-wee pheno-
To examine the localization of Clp1p, we constructed atype; they entermitosis prematurely and divide at a length
functional clp1-GFP fusion gene. In interphase cells,of 9 m, compared to 14 m for wild-type cells (Figure
Clp1p-GFP was concentrated in the non-DAPI staining1e). As with wee1mutants, clp1 cultures accumulate dip-
region of the nucleus, which corresponds to the nucleolusloid cells (data not shown). In addition, clp1 mutants
displayed defects in cytokinesis. In asynchronous cul- (Figure 3a, column 1). Nucleolar localization was con-
firmed with propidium iodide staining, which stains thetures, 3% of clp1 cells displayed two or more closely
opposed nuclei (Figure 7a), a phenotype indicative of nucleolus in live cells (Figure 3b) [16]. Nucleolar localiza-
tion of Clp1p-GFP was also observed in cells blocked infailed cytokinesis similar to that observed in weak SIN
mutants [15]. Additionally, the clp1 mutation was syn- the G1 and G2 phases of the cell cycle; cdc10 and cdc25
blocked cells were used, respectively (data not shown).thetically lethal with the SIN mutant cdc7-24 and had
negative interactions with other SIN components (data Clp1p-GFP also concentrated at a spot on the nuclear
periphery (Figure 3a, column 1) that corresponded to thenot shown).
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Figure 1
(a–d) Clp1p rescues the growth defect of S.
cerevisiae cdc14-3. clp1 was expressed
under control of a GAL-inducible promoter in
S. cerevisiae cdc14-3 cells. (b) Cells grown
at 25C on 2% RAFF, 0.1% GAL. (c) Cells
grown at 37C on 2% RAFF and 0.1% GAL
expressed clp1 at a low level, which rescued
cdc14-3 lethality. (d) Cells grown at 37C
on 2% Glucose did not express clp1, and
the cdc14-3 mutation was not rescued. (e)
DIC images of wild-type or clp1 cells grown
at 36C. The scale bar represents 5 m.
spindle pole body (SPB), as judged by colocalization with lus early in mitosis, and this relocalization is independent
of the SIN.the SPB protein Sad1p (Figure 3c). In early mitosis, the
Clp1p-GFP nucleolar signal drastically diminished, and
Clp1p is essential for a cytokinesis checkpointClp1p-GFP concentrated most intensely at the mitotic
Recent characterization of the cps1 mutant has shownspindle, the SPB(s), and the medial actomyosin ring (Fig-
that in S. pombe a checkpoint exists that prevents furtherure 3a, columns 2–6). A faint Clp1p signal was also appar-
progression of the nuclear division cycle if cytokinesis isent in the cytoplasm (Figure 3a, columns 2–4). Measure-
delayed or blocked [6–8]. Unlike SIN mutants, whichments of fluorescence intensities confirmed that the
undergo multiple nuclear division cycles, cps1-191 mu-cytoplasmic Clp1p-GFP signal in mitotic cells was on
tants do not initiate actomyosin ring constriction, and theyaverage twice as intense as in interphase cells. The fact
arrest with a stable actomyosin ring and two nuclei in G2that Clp1p-GFP is released from the nucleolus early in
phase of the cell cycle ([7]; Figure 5a). The nuclear divi-mitosis was confirmed by the examination of cells blocked
sion block in cps1 mutants depends on the SIN and thein metaphase with a cold-sensitive -tubulin mutant
Cdc2p-inhibiting kinase Wee1p. To test whether Clp1p(nda3-km311). In these cells Clp1p-GFP had been re-
was required for this checkpoint arrest, we examined theleased from the nucleolus (Figure 3e). In late anaphase,
phenotype of a clp1 cps1-191 double mutant and foundClp1p-GFP concentrated at the ends and middle of the
that, unlike the cps1-191 single mutant, nuclear divisionspindle (Figure 3a, column 5). After spindle disassembly
continued in these cells (Figure 5a). The cytokinesisin telophase, Clp1p-GFP remained associated with the
checkpoint also appeared to be activated in the cytokine-actomyosin ring as it constricted and as the septum formed
sis mutants cdc3, cdc8, and cdc12, which did not properly(Figure 3a, column 6 [see arrow]). After the completion
assemble actomyosin rings (Figure 5b). After 4 hr at theof ring constriction and septum formation, Clp1p-GFP
restrictive temperature, these mutants were primarily bi-returned to the nucleolus (Figure 3a, column 7). The
nucleate. However, double mutants between the cdc3,changes in the Clp1p signal did not result from periodic
cdc8, and cdc12 mutants and either the SIN mutant cdc11destruction or synthesis of the protein since the levels of
or clp1 became tetranucleate after 4 hr at the restrictivethe protein did not vary in the cell cycle (Figure 3d).
temperature. Thus, as in the cps1-191 mutant, the cytoki-
nesis checkpoint appears to be active in the cdc3, cdc8,
Exit of Clp1p-GFP from the nucleolus does not depend and cdc12 mutants and requires both the SIN and Clp1p
on the SIN since examination of synchronous sid2-250 to maintain the nuclear division block.
cells after a shift to the restrictive temperature revealed
that Clp1p exited the nucleus normally in mitosis in this Interestingly, in cps1-191 blocked cells, Clp1p localized
and all other sinmutants examined (Figure 4a and data not only faintly to the nucleolus and displayed a strong cyto-
shown). Thus, in contrast to S. cerevisiaeCdc14p, where its plasmic signal (see uninucleate unblocked cell [arrow-
exit from the nucleolus depends on the MEN and does head] for comparison [Figures 5c and 6c]), even though
the nuclei in these cells were blocked in G2, a stage atnot occur until anaphase, S. pombe Clp1p exits the nucleo-
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Figure 2
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Figure 3
Clp1p-GFP localization during the cell cycle.
(a) Clp1-GFP was expressed from the
endogenous clp1 promoter. Cells were fixed
as previously described in methanol and
stained with DAPI [30]. Numbers indicate cell
cycle stages described in the text. Merged
images (Merge) showing DAPI in blue and
Clp1p-GFP in green are also shown. Arrows
in column 6 indicate constricted actomyosin
rings. (b) Live Clp1p-GFP cells were stained
with propidium iodide (PI) for the nucleolus
and DAPI. (c) Clp1p-GFP-expressing cells
were stained for Sad1p. Clp1p-GFP (green),
Sad1p (red), and the merged image are
shown. (d) Cells expressing Clp1p-13Myc
were synchronized by centrifugal elutriation, and
the levels of Clp1p-13Myc and Cdc2p as well
as percent septation were monitored with
time. (e) Clp1p-GFP localization in nda3-
km311 cells. nda3-km311 clp1-GFP cells
were blocked for 6 hr at 19C. Arrowheads
indicate a cell that has not yet become
arrested and that still displays nucleolar
Clp1p-GFP.
which Clp1p is normally in the nucleolus. Similarly, in order to maintain the nuclear division block in cps1-191
cells, we examined the cps1-191 phenotype more closely.Clp1p-GFP was maintained out of the nucleus in a high
percent of the cdc3, cdc8, and cdc12 blocked cells (Figure Work in S. cerevisiae has shown that Cdc14p antagonizes
Cdk activity at the end of mitosis by promoting B-type5c and data not shown). These data suggest that Clp1p
may function to inhibit Cdk activity to maintain the cyto- cyclin destruction and stabilizing the Cdk inhibitor Sic1p
[12]. To determine if Clp1p functions in a similar mannerkinesis checkpoint.
to maintain the cps1-191 block, we examined the levels
of the B-type cyclin Cdc13p in cps1-191 cells blocked atTo test how Clp1p might function to inhibit Cdk activity
(a–e) Overexpression of clp1 results in a failure of cell division. The (Clp1 OP – wee1) background were placed in thiamine-free medium
clp1 cDNA was integrated at the leu1 locus under control of the for 12 hr, then synchronized by centrifugal elutriation for the collection
nmt1 promoter, which begins to induce expression 12 hr after removal of small G2 cells. Cells were then resuspended in thiamine-free
of thiamine. Overexpression of clp1 was achieved by the incubation medium and monitored for the percentage of cells with septa. (e)
of cells in thiamine-free medium at 32C for 14.5 hr. Small G2 cells The levels of Clp1p-proteinA in wild-type (wt) and wee1 cells at time
were isolated by centrifugal elutriation. Samples were collected every zero and 320 min are shown. The arrowheads and arrow indicate
30 min and analyzed for (a) DNA content by flow cytometry, (b) cells described in the text. (f) wee1 cells at the 40 min time point
microtubule organization by immunofluorescence, (c) Cdc2p- were stained with anti-tubulin antibodies and stained with DAPI. A
associated histone H1 kinase activity as described [33], and (c) levels montage of representative cells is shown. An asterisk indicates a cell
of Cdc2p pTyr and Cdc2p by immunoblotting. (d) Wild-type cells or with interphase microtubules.
cells with nmt1-clp1-proteinA in a wild-type (Clp1 OP – wt) or wee1
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Figure 4
(a) sid2-250 cells expressing Clp1p-GFP and
growing at 25C were synchronized by
centrifugal elutriation, then shifted to 36C.
Monitoring cells by fluorescence microscopy
allowed determination of the percent of cells
with Clp1p-GFP released from the nucleolus
(clp1 released), mitotic spindles (spindles),
one nucleus (mononucleate), two nuclei
(binucleate), or four nuclei (tetranucleate). (b)
Clp1p-GFP localization in sid2-250 cells at
the 130 min time point. An arrowhead
indicates a cell that has not yet entered
mitosis and that still displays nucleolar Clp1p-
GFP.
the restrictive temperature and found that Cdc13p re- Clp1p is required for the cps1-191 nuclear division block,
we shifted cps1-191 clp1 and cps1-191 cells expressingmained stable at the block point (Figure 5d). In addition,
the nuclear division block in cps1-191 mutants did not GFP-Sid1p to the restrictive temperature in the presence
of theDNA synthesis inhibitor hydroxyurea (HU) in orderdepend on the Cdk inhibitor Rum1p (Figure 5a). To-
gether, these results suggest that Clp1p does not maintain to compare GFP-Sid1p localization in cells at the same
stage of the cell cycle. Since most asynchronous S. pombethe block in cps1-191 cells by promoting cyclin destruction
or by accumulating Rum1p. Another possibility could be cells are in G2 phase, the cps1-191 cells proceeded through
mitosis and arrested as binucleate cells (Figure 6a–d)with-that Clp1p maintains the block in cps1-191 cells not by
out initiating the next round of DNA synthesis (data notaffecting Cdc2p activity directly but by dephosphorylat-
shown). GFP-Sid1p localized to the SPB in cps1-191/ing Cdc2p mitotic substrates more quickly than Cdc2p
HU-blocked cells but did not localize in cps1-191 clp1/can phosphorylate them. If this were the case, then one
HU-blocked cells showing that GFP-Sid1p localizationwould expect Cdc2p to become activated (tyrosine de-
depended on Clp1p (Figure 6a,b). An examination of syn-phosphorylated) in cps1-191 blocked cells but to be unable
chronous cell populations showed that when G2-phaseto phosphorylate its substrates more quickly than Clp1p
cps1-191 cells were incubated at the restrictive tempera-can dephosphorylate them. However, we found that
ture, Sid1p localized normally to the SPB in anaphaseCdc2p tyrosine phosphorylation levels did not go down
but stayed at the SPB after exit from mitosis due to thein a cps1-191 block, as they do in a mitotic block (Figure
cytokinesis failure. However, when synchronous cps1-1915d). Cdc2p kinase activity was low, similar to the level
clp1 cells were shifted to the restrictive temperature,in G2-blocked cdc25 mutant cells and much lower than
Sid1p localized to the SPB in anaphase but was not main-that in metaphase-blocked nda3 cells (Figure 5e). These
tained at the SPB despite the cytokinesis failure (see thedata, combined with the clp1 overexpression experi-
Supplementary material available with this article on thements and the fact thatWee1p is also required to maintain
internet). Since Sid1p localization to the SPB is antago-the cps1-191 mutant block, suggest that Clp1p acts to
nized by Cdc2p activity [4], Clp1p may function to main-inhibit Cdc2p kinase activity indirectly by promoting the
tain the SIN in an on state in the cps1-191 block bymaintenance of interphase levels of tyrosine-phosphory-
keepingCdc2p kinase activity low and/or dephosphorylat-lated Cdc2p.
ing a key Cdc2p substrate to allow Sid1p localization.
Consistent with the latter possibility, GFP-Sid1p localizesSince both Clp1p and the SIN are essential for the cps1-
191 block, we investigated how Clp1p and the SIN may poorly in clp1 mutants and at the SPB displays one
fifth the signal observed in wild-type cells (Figure 6e).function together to maintain this block. A previous study
showed that the Sid1p kinase localizes to one SPB during Localization of Cdc7p, which is not antagonized by Cdk
activity [4], was not affected by clp1 (Figure 6e). Becauseanaphase, when the SIN is turned on, and leaves the SPB
once cytokinesis is complete [4]. Interestingly, in the cps1- maintenance of the cps1-191 block also requires the SIN,
we tested whether Clp1p exclusion from the nucleolus191 block, Sid1p localized to one SPB (data not shown),
and this finding is consistent with previous observations depended on the SIN. An examination of sid1-239 cps1-
191/HU-blocked cells showed that Clp1p-GFP returnedthat the SIN pathway is active in the cps1-191 block [7].
We next examined whether Clp1p was required for Sid1p to the nucleolus (Figure 6d), unlike in cps1-191/HU-
blocked cells, where it remained out of the nucleolusto localize to the SPB in the cps1-191 block. Because
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Figure 5
clp1 is essential for the cytokinesis checkpoint in cps1-191 cells. phosphorylated Cdc2p (p-tyr), Cdc2p, and Cdc13p in cps1-191 cells
(a) cps1-191, clp1 cps1-191, or rum1 cps1-191 cells were grown at 25C plus wild-type, cps1-191, and cdc25-22 cells
incubated for 4 hr at 36C and stained with DAPI. (b) cdc3-124, incubated at 36C for 4 hr and nda3-km311 cells incubated at 19C
cdc8-110, and cdc12-112 single mutants alone or in combination for 6 hr were determined by Western blotting. (e) Histone H1 kinase
with either cdc11-123 or clp1 mutations were incubated at 36C assays were performed on extracts prepared from cps1-191, cdc25-
for 4 hr, and their numbers of nuclei were determined by DAPI 22, and wild-type cells after 4 hr at 36C and on extracts from nda3-
staining. (c) Clp1p-GFP fails to reenter the nucleolus in cps1-191 km311 cells after 6 hr at 19C as previously described [4]. Normalizing
and cdc3-124 cells blocked at 36C for 4 hr. Arrowheads indicate cells the kinase activity to the level of Cdc2p protein in each sample
with Clp1p-GFP in the nucleolus. (d) The levels of tyrosine- allowed the determination of relative kinase activity.
(Figure 6c). Thus, the SIN is essential for keeping Clp1p the Spg1p GTPase-activating protein ([19]; Figure 6f).
Thus, activation of the SIN pathway will not drive Clp1pout of the nucleolus in the cps1-191 block.
out of the nucleolus in interphase, but once Clp1p has
exited the nucleolus in mitosis, activation of the SIN will
To test the effect of hyperactivation of the SIN on Clp1p keep Clp1p from returning to the nucleolus. Together,
localization, the Spg1p GTPase was overexpressed in these results suggest a possible feedback loop in which
asynchronously growing cells. As previously observed [17, SIN activity keeps Clp1p outside the nucleolus andClp1p
18], Spg1p overexpression caused most cells to initiate in turn antagonizes Cdk function. These activities would
septation in interphase, but some cells completed mitosis thus allow the SIN to remain on until cytokinesis is com-
and then formed multiple septa between the two sepa- plete.
rated nuclei. In cells that septated during interphase,
Clp1p-GFP remained in the nucleolus (Figure 6f). In
contrast, in the cells that became blocked after the com- If Clp1p functions in late mitosis to keep the SIN active
until cytokinesis is complete by antagonizing Cdk activity,pletion of mitosis, Clp1p-GFP remained out of the nucle-
olus. Similar results were obtained when the SIN was then cytokinesis should be very sensitive to increases in
Cdk activity in the absence of Clp1p. To test this, weactivated by the inactivation of Cdc16p, a component of
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Figure 6
Interaction between clp1 and the SIN pathway.
(a) cps1-191 GFP-sid1, (b) cps1-191 clp1
GFP-sid1, (c) cps1-191 clp1-GFP, and (d)
cps1-191 sid1-239 clp1-GFP were grown
at 25C, then shifted to 36C in the presence
of hydroxy-urea for 4 hr and stained with
DAPI. (e) Localization of GFP-Sid1p and
Cdc7p-GFP in wild-type or clp1 cells is
shown. (f) The SIN pathway was activated
either by the induction of of spg1 expression
from the nmt1 promoter as previously
described [18] or by the shift of cdc16-116
mutant cells to 36C for 2 hr. Arrowheads
indicate cells that septated out of interphase.
Cells that became blocked after completion
of septation are also indicated (*).
constructed double mutants between clp1 and wee1-50 Cdk activity. Consistent with this, SPB-localized Sid1p
was virtually undetectable in clp1 wee1-50 cells (data notor the activated alleles of cdc2, cdc2-1w, cdc2-3w, and
cdc2-F15, which has the site of inhibitory tyrosinemutated shown).
to phenylalanine. Interestingly, all double mutants dis-
played pronounced defects in cytokinesis (Figure 7a,b), Discussion
Our data support a model for how Clp1p may regulateand this finding suggests that in the absence of Clp1p, the
process of cytokinesis is particularly sensitive to increased G2/M transition and coordinate cytokinesis with initiation
Figure 7
(a) Cytokinetic failure in clp1 wee mutants.
Single- and double-mutant cells of the
indicated genotypes were incubated at 36C
for 4 hr and then fixed, stained with DAPI,
and photographed by combined phase/
fluorescence imaging. (b) Cells that
contained two or more closely spaced
interphase nuclei without an intervening
septum were scored as having failed to
undergo cytokinesis.
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Figure 8 tyrosine phosphorylation of Cdc2p. However, Clp1p may
also activate the SIN by dephosphorylating inhibitory
phosphorylation of SIN components by Cdc2p since ex-
pression of Cdc2p-F15 only causes cytokinesis defects in
the presence of the clp1 mutation. In turn, the SIN
inhibits the return of Clp1p to the nucleolus. This would
explain why the SIN, Wee1p, and Clp1p are all required
for the cytokinesis checkpoint. It is unclear what termi-
nates this feedback loop once cytokinesis is complete. It
was previously shown that transient depolymerization of
F-actin caused the checkpoint block in cps1-191 mutants
to be partially overcome [8]. The fact that the checkpoint
is active in the actomyosin ring assemblymutants suggests
that it may not be the presence of the actin ring that is
Model for Clp1p function. Cdk activates its activator and inhibits its monitored. However, this cannot be ruled out since these
inhibitor. This Cdk autoactivation loop is inhibited by Clp1p. Cdk mutants do makemedial assemblages of disorganized ring
activity also antagonizes the SIN. By keeping Clp1p out of the
components [27] (D.M., unpublished data). Clearly, fur-nucleolus, the SIN antagonizes Cdk activity.
ther study will be required to elucidate what aspect of
cytokinesis failure is monitored by the checkpoint.
of the next cell cycle by antagonizing Cdk-dependent Coordinating cytokinesis with the next cell cycle is impor-
phosphorylation events (Figure 8). A previous study has tant for maintaining proper ploidy and genomic stability.
shown that Cdc14p dephosphorylates Cdk substrates [12]. We have shown that Clp1p plays a crucial role in this
In this study we find that Clp1p appears to antagonize process. Intriguingly, it has been shown recently that ani-
Cdk activity by promoting inhibitory tyrosine phosphory- mal cells blocked in late cytokinesis delay initiation of
lation of the fission yeast Cdk, Cdc2p. This inhibitory the next cell cycle [28]. Given the conservation of key
tyrosine phosphorylation is carried out by its inhibitor mechanisms of cell cycle control between S. pombe and
Wee1p and relieved by its activator Cdc25p. Cdc2p kinase animal cells, we speculate that Cdc14/Clp1 phosphatases
has been shown to promote its own activation by phos- may play a role in both regulating G2/M transition and
phorylating both Cdc25p and Wee1p, which activates coordinating the completion of cytokinesis with the initia-
Cdc25p and inhibits Wee1p [20–23]. Thus, Clp1p could tion of the next cell cycle in animal cells.
be functioning by antagonizing the autocatalytic activa-
tion of Cdc2p by dephosphorylating Cdc25p and Wee1p. Materials and methods
To delete clp1, we deleted 94% of the coding region by using the
ura4 gene as described [29]. Fluorescence microscopy [30], antibody
Although both Clp1p and Cdc14p function to antagonize staining for Sad1p [31], propidium iodide staining [16], and tagging of
Cdk activity, their mechanisms of action appear to be endogenous Clp1p with 13Myc, GFP, and protein A were all performed
as described previously [29, 32].quite different. Clp1p promotes inhibitory tyrosine phos-
phorylation of Cdc2p, whereas Cdc14p promotes cyclin
Supplementary materialdestruction by dephosphorylating Hct1p/Cdh1p. It also A supplementary figure is available at http://images.cellpress.com/
promotes accumulation of the Cdk inhibitor Sic1p [12]. supmat/supmatin.htm.
In S. cerevisiae these two functions of Cdc14p are required
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